Sorption behaviour of radiata pine has been investigated by weighing small specimens continuously during isothermal step changes in relative humidity. The use of wood specimens shorter in the longitudinal direction than the average tracheid length of radiata pine ensures that all tracheids in a specimen are exposed, reducing the effect of wood structure on bound water transport. The small size also allows the specimens to be prepared from a single band of earlywood or latewood.
INTRODUCTION
The sorption behaviour of water in wood influences the behaviour of wood at all stages of processing and use -drying, storage, manufacturing and service. Understanding this sorption behaviour is critical to optimising the drying process, and ensuring consistent, quality wood products.
If there are differences in sorption behaviour of earlywood and latewood, these could cause boards with different growth ring orientations, or with differing amounts of earlywood and latewood on the surfaces to dry at different rates, and behave differently in service. The measurement of sorption in very small specimens would allow for specimens to consist entirely of earlywood or latewood from a single growth ring. Due to the anisotropic and heterogeneous nature of wood, the use of small wood specimens makes it easier to ensure that the wood in each specimen is uniform, and has a similar composition to other specimens used, especially in species with very large growth rings, such as radiata pine. The use of small specimens also has the advantage of allowing the longitudinal direction of the specimen to be made shorter than the length of an individual wood fibre (~5mm in radiata pine). This means that the internal surfaces of all the cell walls in the specimen are open to the atmosphere, which simplifies the diffusion dynamics of bound water, by reducing the effects of wood structure. This is particularly useful when comparing earlywood and latewood, since the cell wall thickness, and wood basic density are so different between the wood types (Kininmonth and Whitehouse 1991) . Separating out the diffusion behaviour of the cell walls from the overall wood structure serves as a starting point to understanding the interaction of diffusion in the cell wall, and diffusion through the wood structure for earlywood and latewood. Riley et al. (2008) developed the dynamic sorption platform, which weighs wood samples (of around 0.1 gram) continuously while altering the ambient humidity at a constant temperature. Previous analysis of sorption data at Scion looked at the change in moisture content of the specimens using a generalised mathematical description of the curve shape, rather than linking the sorption dynamics to physical wood properties (Riley et al. 2008) . This was useful for directly comparing the behaviour of a series of wood specimens, but had limited use for predicting wood behaviour. A data analysis method was needed that could relate the measured dynamic weight change of a specimen to the diffusion behaviour from the tracheid surface into the cell wall.
Mass transfer of water from moist air onto a small wood specimen has two major components -the diffusion from the moist air onto the wood surface, and diffusion of water within the wood cell walls. These two components can either be determined separately (Cai and Avramidis 1997 , Chen et al. 1995 , Liu 1989 , Shi 2007 , Wadsö 1993 , or grouped into a single diffusion term (Wadsö 1994 , Cai 2005 . Both approaches have been used to analyse dynamic sorption behaviour in wood, and a variety of analysis methods have been used for each approach.
The solution to Fick's law for the sorption response to a step change in concentration (Crank 1975) can be used to give an expected change in moisture content of a specimen over time following a step change in humidity. Due to the previous success in comparing the moisture content curves from the Scion sorption platform with a calculated ideal response curve (Riley et al. 2008) ; fitting Crank's equation to data from the dynamic sorption platform was an obvious starting point for sorption analysis.
There are a large number of studies separating the internal diffusion from the effects of the wood surface for dynamic sorption in wood. Wadsö (1993) used wood specimens of different thicknesses and measured their mass change in response to a step change in humidity. By comparing the 'half sorption time' (the time at which half the total sorption has taken place) for each specimen, the diffusion coefficient and surface emission coefficient were determined. This method could not be used in the current study, because the cell wall is taken to be the specimen thickness, so altering the specimen thickness is not possible. Liu (1989) and Liu and Simpson (1996) used Newman's solution to Fick's second law to evaluate the diffusion coefficient and the surface emission coefficient at the time to half sorption. Cai and Avramidis (1997) used Newman's solution and a simplex search method to find optimal values of the diffusion coefficient and surface emission coefficient to fit curves to experimental data. Similar methods have also been employed, but with different optimisation techniques (Chen et al. 1995 , Shi 2007 . Stamm (1959) measured the diffusion rate of bound water in wood cell walls by filling the void spaces in wood specimens with a low melting point metal alloy to eliminate vapour and capillary moisture movement through the wood. He found that the diffusion rate increased exponentially with increasing wood moisture content.
MATERIALS AND METHODS
Detailed information on the operation of the Dynamic Sorption Platform has been published previously (Riley et al. 2008) .
A single flitch of air dried radiata pine from the central North Island of New Zealand was used in this study. A biscuit of 5mm in the longitudinal direction was cut from the pith to the outside of the tree. From this biscuit, small wood specimens were cut, comprising entirely of either earlywood and latewood, from both heartwood and sapwood -giving four wood types; Sapwood Earlywood (S E), Sapwood Latewood (S L), Heartwood Earlywood (H E), Heartwood Latewood (H L). The 5 mm biscuit was first cut into individual bands of earlywood and latewood with a bandsaw. The width of these bands was 5 mm or less in the radial direction. The bands were then cut in the tangential direction to give a wood specimen weighing around 0.07 grams. Earlywood specimens tended to be roughly cubic, but latewood specimens were quite elongated in the tangential direction. Two specimens of each wood type were then heat treated in an oven, to mimic the chemical changes wood undergoes during high temperature drying. The heat treatments used were; 150°C for 4 hours, 150°C for 2 hours, 90°C for 4 hours, and the control specimens which were not heat treated.
The specimens were painted with acrylic paint on the radial and tangential faces to prevent mass transfer through the sides of the specimen. (Figure 1 ). After the experiments were completed it was discovered that acrylic paint has a similar diffusion coefficient to radiata pine (van der Zanden and Goossens 2003) . Although this will have affected the sorption experiments, the similarity in diffusion coefficients may reduce the effect. The prepared specimens had a threaded hole drilled and tapped into them, so they could be fixed to the dynamic sorption platform (Figure 2 ). Some latewood specimens needed to be attached with a weighed brass nut, as they were too thin to screw onto the mounting points firmly by themselves. The set of 30 specimens remained on the sorption platform for the duration of the sorption experiments Each sorption experiment involved cycling the humidity between two air streams, each at a constant relative humidity over a number of cycles of varying time, from 80 to 640 minutes ( Figure  4 ). Only the data from the 640 minute cycles have been used here, since they are long enough to reach a stable equilibrium during each cycle. The air temperature was held constant at 30°C for all experiments. 
This gave a range of expected Equilibrium Moisture Content (EMC) values from 2-20% Moisture Content (MC).
After the series of experiments, the dry weights of the specimens were determined by drying them at 30°C with compressed air (dewpoint ~ -16°C) until their weight stabilised, then drying for a further 24 hours with compressed air that had been passed through a column of silica gel desiccant. This reduced the dewpoint further to ~ -24°C. The lowest mass each specimen reached during the second drying stage was taken as the dry weight. This method was preferred to traditional oven drying, as the specimens are not damaged by the drying process.
Analysis of Diffusion Behaviour
Due to the small size of the specimens being used, it was possible to make the longitudinal direction of the specimens similar to the average fibre length in radiata pine (5mm). From this it can be assumed that every tracheid has had one end removed, allowing vapour direct access to the internal surfaces of each cell lumen ( Figure 5 ). Thus the majority of the diffusion is happening through the thickness of each cell wall, rather than from the outer edge of the specimen. For this reason it was decided to use an average cell wall thickness as the specimen thickness for the following analyses. Cell wall thicknesses were estimated using Silviscan (Evans 1994 , Evans et al. 1995 data from a database of typical specimens of radiata pine. Average cell wall thicknesses were calculated for earlywood and latewood, over several growth rings in the centres of the heartwood and sapwood bands of the trees. The values used were; Sapwood Earlywood 3µm, Sapwood Latewood 5.25µm, Heartwood Earlywood 2.25µm, Heartwood Latewood 3.75µm.
Initially the apparent diffusion coefficient was determined using an ideal Fickian response to a step change in humidity (Crank 1975 , Wadsö 1994 ).
For absorption (wetting):
( 1 ) Where: t is the time since the RH step (s), E(t) is the fractional mass change at time t, a is half the cell wall thickness (m), D c * is the apparent diffusion coefficient (m 2 /s)
The above equation assumes that the apparent diffusion coefficient is independent of moisture content. Although diffusion behaviour is expected to be moisture content dependent (Stamm, 1959) , it has been assumed to be constant over the small moisture content range of each sorption experiment (average range of 2% MC).
Microsoft Excel and Solver were used to compare the measured data with an ideal Fickian response over four humidity cycles ( Figure 6 ). Separate values of the apparent diffusion coefficient were used for absorption and desorption for each specimen. Solver was used to minimise the sum of squares of the difference between the two curves, by varying the values of the apparent diffusion coefficient. Figure 6 . Calculated moisture content change over time using Equations 1 (apparent diffusion coefficient), compared to measured data.
Separating internal and external resistances
The apparent diffusion coefficient found above combines the internal resistance to diffusion (water moving within the wood) and the surface resistance (water arriving on or leaving from the wood surface). For a more complete understanding of the sorption dynamics these need to be separated. Because all cell lumens are open to the atmosphere ( Figure 5 ), diffusion within the wood measured will primarily be within the cell walls. Thus the diffusion coefficients measured are expected to be similar to the bound-water diffusion coefficients found by Stamm (1959) .
U n i v e r s i d a d d e l B í o -B í o
Newman's solution to Fick's second law (Equations 2 to 5) can be used to separate the diffusion coefficient from the surface emission coefficient.
is the fractional mass change of the specimen β n are the positive roots of
Where ( From these values an idealised sorption curve was generated, and this was compared to the measured data. Solver minimised the sum of squares of the differences between the two curves by varying the values D and h c for absorption and desorption for each specimen. A typical result is shown in Figure 7 . For each experiment, a starting point was chosen for each wood type which gave a curve shape similar to the measured data. Most combinations of h c and D will give a square wave shaped curve, which can't be used as a starting point for an optimisation. Often several combinations of D and h c would give a similar shaped curve, the value closest to those found by Stamm (1959) , at a similar moisture content was used as a starting value. It is unclear how the correct pair of D and h c values was determined in previous studies (Cai and Avramidis 1997 , Chen et al. 1995 , Shi 2007 . 
RESULTS AND DISCUSSION
The quality of the signal from the piezoelectric sensors varied greatly, with some channels giving noisy signals. For each experiment, only specimens that gave a clear mass trend were used for analysis. Because of this, and the small number of specimens used in these experiments, specimens were grouped together for analysis e.g. when comparing different heat treatments, specimens from each wood type were considered together.
Equilibrium Moisture Content
The average moisture content that the specimens reached during absorption and desorption for each humidity condition, and each drying treatment are given in Figure 8 . The different wood types (heartwood, sapwood), and position in the growth ring (earlywood, latewood) did not appear to have different equilibrium moisture contents. Moisture contents averaged over all wood types were slightly lower in absorption than in desorption, which would be expected.
Surprisingly the different heat treatments did not alter the EMC of the wood. Drying history is known to alter the sorption behaviour of the wood, also altering the equilibrium moisture content (Kininmonth and Whitehouse 1991 , Kininmonth 1976 , Edvardsen and Sandland 1999 .
Apparent diffusion coefficients
The calculated apparent diffusion coefficients for each humidity step are given in Figure 9 . The diffusion coefficients are plotted against the expected equilibrium moisture content for radiata pine for each step. 
Apparent diffusion coefficients for earlywood in heartwood and in sapwood were similar, whereas latewood specimens showed distinctly higher diffusion coefficients than earlywood, and showed different diffusion coefficients in heartwood and in sapwood. Apparent diffusion coefficients in latewood specimens showed a greater moisture content dependence than earlywood. For example diffusion coefficients during adsorption for sapwood earlywood varied from 3.2x10 16 m/s at 2% MC to 1.4x10 16 m/s at 19% MC, whereas diffusion coefficients for sapwood latewood varied from 5.5x10 15 m/s to 4.3x10 16 m/s over the same range. Diffusion coefficients were higher at very low moisture contents, and then decreased rapidly over 5% MC. Apparent diffusion coefficient then has another peak around 10% MC, and then decreases at higher moisture content. Very little change in apparent diffusion coefficient with moisture content was seen in earlywood.
Diffusion within the wood, and at the wood surface are both expected to be moisture content dependent to differing degrees, so grouping them together may give the appearance of moisture content independence. When the apparent diffusion coefficient is separated into internal diffusion (diffusion coefficient) and surface effects (surface emission coefficient) the diffusion coefficients show a much stronger moisture content dependence compared to the apparent diffusion coefficients shown above. Diffusion coefficients for each wood type tended to increase with increasing moisture content. This generally follows the results from Stamm (1959) and Rosen (1976) who found that diffusion coefficients increase exponentially with increasing moisture content. In the current work diffusion coefficients increase with increasing moisture content, but do not follow an exponential relationship, especially at high moisture contents where diffusion coefficients are lower than would be predicted by an exponentialshaped relationship. Latewood specimens tended to have higher diffusion coefficients, but this effect was not as pronounced as for the apparent diffusion coefficients. This result is surprising, as the different wood types have different structures and cell wall thicknesses, but absorb and lose moisture at a similar rate overall. The large difference in apparent diffusion coefficients between absorption and not seen in either the diffusion coefficient, or surface emission coefficient results.
Diffusion coefficients and surface emission coefficients
Surface emission coefficients varied much more with wood type than the diffusion coefficients, with latewood specimens having higher coefficients, and sapwood having higher coefficients than heartwood for both wood types. This result is surprising, as the surface effects were expected to be strongly linked to external conditions, such as ambient humidity, and to be similar for all wood specimens in each experiment, since they are exposed to the same humid atmosphere.
There are no clear differences in diffusion coefficients and surface emission coefficients for different heat treatments. It is known that some drying treatments affect the EMC of wood, and reduce the ability to absorb moisture (Kininmonth and Whitehouse 1991 , Kinimonth 1976 , Edvardsen and Sandland 1999 , and thermal modification has been shown to change the sorption behaviour (Pfriem et al. 2010) so it is surprising that no effect is seen here. It may be that heat treatment of previously air dried wood, as performed here, does not adequately simulate the changes that radiata pine undergoes during high temperature drying. In retrospect it is thought that the dry nature of these heat treatment conditions limited the amount of degradation that occurred. The presence of water during normal kiln drying is known to catalyze enhanced thermal degradation when compared to heat alone.
There may be several pairs of similar h c and D values that give similar shaped curves from Newman's solution (Equation 2), and if there are several pairs of values it is unclear how to determine which the 'true' pair is. This may explain some of the scatter in the results, but it is not known whether this would explain the unexpectedly strong dependence of surface emission coefficient on wood type. In future, new experiments, such as those in and Liu (1991) , which use pairs of sorption experiments between one humidity, and two others (e.g. 5-10% RH, and 5-15% RH) could be used to separate the internal and surface diffusion coefficients, and validate the current results. After removing the surface effects, the diffusion coefficients increase with increasing moisture content. The surface emission coefficients did not show a relationship with specimen moisture content. Diffusion coefficients were similar for all wood types, but surface emission coefficients were quite different for each wood type. The heat treatments used did not alter the EMC or sorption behaviour of the wood.
Further experiments, using different methods of separating the diffusion and surface emission coefficients would be useful to validate the results from these experiments.
